provoked an immediate vasodilation which was followed by vasoconstriction during recovery. The non-vibrated left finger showed a significant increase in vasomotor tone throughout the 60 minute period after the end ofvibration exposure. Conclusions-The digital circulatory response to acute vibration depends upon the magnitude and frequency ofthe vibration stimulus. Vasomotor mechanisms, mediated both centrally and locally, are involved in the reaction of digital vessels to acute vibration. The pattern of the haemodynamic changes in the fingers exposed to the vibration frequencies used in this study do not seem to support the frequency weighting assumed in the current international standard ISO 5349. (Occup Environ Med 1997;54:566-576) 
skin temperature (FST), finger blood flow (FBF), and finger systolic pressure were measured in the fingers of both hands in eight healthy men. Indices of digital vasomotor tonesuch as critical closing pressure and vascular resistance-were estimated by pressure-flow curves obtained with different hand heights. With a static load of 10 N, the right hand was exposed for 30 minutes to each of the following root mean squared (rms) acceleration magnitudes and frequencies of vertical vibration: 22 m.s 2at 31.5 Hz, 22 provoked an immediate vasodilation which was followed by vasoconstriction during recovery. The non-vibrated left finger showed a significant increase in vasomotor tone throughout the 60 minute period after the end ofvibration exposure. Conclusions-The digital circulatory response to acute vibration depends upon the magnitude and frequency ofthe vibration stimulus. Vasomotor mechanisms, mediated both centrally and locally, are involved in the reaction of digital vessels to acute vibration. The pattern of the haemodynamic changes in the fingers exposed to the vibration frequencies used in this study do not seem to support the frequency weighting assumed in the current international standard ISO 5349. Workers who use hand held vibrating tools can experience finger blanching attacks due to episodic vasospasm in the digital vessels. The whiteness of the digits represents the visible sign of an abrupt interruption of blood flow through the fingers. Such a phenomenon was first described by Raynaud in 1862 in a group ofpatients with peripheral vascular disorders of various origins. In occupational medicine, Raynaud's phenomenon caused by excessive exposure to hand transmitted vibration is also called vibration induced white finger (VWF) and is a prescribed disease in many countries.
It is thought that the conditions of exposure to vibration at the workplace play a prominent part in the development of VWF. Exposure variables, such as years of regular daily use of vibrating tools and the magnitude and frequency of vibration, represent the main predictors upon which the risk of VWF is assessed in the current standards for hand transmitted vibration.1 2 The findings of experimental investigations in both normal people and patients with VWF seem to suggest that the degree of vibration induced vasoconstriction in the digital vessels may depend on the frequency and magnitude of the vibratory stimulus.316 Most reports indicate that the maximal reduction in finger blood flow (FBF) occurs during or after exposure to vibration in the range 80-125 Hz.8 A limited number of investigations have also reported a significant decrease in FBF and finger skin temperature (FST) with vibration of 30-60 Hz and 250-500 Hz."9 The results of some experiments show that unilateral vibration can provoke digital vasoconstriction not only in the exposed fingers but also in the contralateral non-vibrated fingers, and even in the toes.1 '12 This seems to support the theory that vibration can induce a vasoconstrictor response through a central sympathetic reflex mechanism." 14 In a previous paper we reported that acute vibration with a frequency of 125 Hz and a root mean square (rms) acceleration of 87.5 m.s-2 provoked an immediate vasodilation in the exposed finger of healthy men followed by a vasoconstriction which could be recorded in both the ipsilateral and the contralateral finger.'5 It was hypothesised that both local and central pathophysiological mechanisms might be involved in the vascular response of a vibrated finger. The aim of the present study was to extend the previous investigation by exploring the effect of different combinations of magnitudes and frequencies of vibration on FBF, finger systolic pressure (FSP), and FST in normal subjects. The relation between blood flow and pressure was studied in both vibrated and non-vibrated fingers. The pressure-flow curves were used to obtain additional information on the haemodynamic changes induced by vibration, in particular whether a vibration stimulus applied to the finger can alter the zero flow pressure, or critical closing pressure, of the digital vessels. Pressure at zero flow has been defined as the transmural pressure at which blood flow ceases in small vessels with active wall tension produced by smooth muscle contraction.'6 Positive pressures at zero flow have been shown in canine systemic arterial circulation, frogs' legs, rabbits' ears and hindlegs, dogs' femoral and coronary circulation, and human forearms and fingers. '7-24 As there is experimental evidence that zero flow pressure is increased by vasoactive substances and interventions which enhance the activity of the sympathetic nervous system, in this study the critical closing pressure of the digital vessels has been used as an index of vasomotor tone.16 19 24 A further aim of this study was to investigate the relation between the effects of acute vibration on digital circulatory function and the risk of chronic vascular injury from occupational exposure to hand transmitted vibration as assessed in an annex to the current international standard ISO tic cuff (2.5 x 9 cm) was fixed around the proximal phalanx of the middle finger of both hands and secured by a Velcro strip. The soft plastic tubes of the digital cuffs were connected to the pneumatic system of the plethysmograph (Digitmatic DM2000, Medimatic A/S, Copenhagen). Silastic strain gauges containing mercury were positioned at the base of the finger nails. The fingers were squeezed to cause venous outflow before the plastic cuffs were inflated to suprasystolic values. The pressure in the digital cuffs was then automatically deflated at a deflation rate of about 2 mm Hg.s-'.
The FSP was defined as the cuff pressure (mm Hg) at which the first increase in fingertip volume was recorded.
Systolic and diastolic pressures in the upper arm (mm Hg) were measured at the beginning of each experimental session by an auscultatory technique with a standard cuff (12 x 33 cm).
Finger blood flow was measured in the same fingers in which FSP was taken. The investigation was performed in a laboratory with mean (SD) air temperature of 24.7 (0.4)°C. Subjects wore light clothing and sat in an upright position on an adjustable chair. Initially the hands were placed on a pivoted platform just above the level of the heart. After 20 minutes of acclimatisation, FBF and FSP were measured in the middle fingers of both hands. To reduce digital perfusion pressure, the digits were then raised to 12, 24, 36 , and 48 cm above the heart and both vascular measurements were repeated at each height. The measures of FSP and FBF at each finger height were used to establish a pressure-flow relation in the fingers. After obtaining baseline measurements, the subjects were asked to place their right (exposed) hand facing downward on a wooden surface (100 mm x 100 mm) secured to the table of a Derritron VP4 electrodynamic vibrator. Visual feedback through an analogue meter allowed a constant downward force of 10 N to be maintained by the right hands of the subjects. The left (non-exposed) hands were positioned palm downward on the platform just above the level of the heart. The arrangement for generation of vibration and control of contact force has been described in more detail in a previous paper. ' 2 The FBF and FSP were measured immediately after the end of vibration and at 20, 40, and 60 minutes after the end of each vibration exposure. On each occasion, vascular measurements were taken with the hands just above the heart level and again at four heights as described for the pre-exposure condition. Blood flow in the non-exposed left finger was also recorded at 0 (within 30 s), 10, 20, and 30 minutes during exposure of the right hand to vibration. The measurement of FBF in the right hand during exposure to vibration was not practicable because contact of the strain gauge with the vibrating surface disturbed the plethysmographic recordings.
Finger skin temperature and room temperature were measured throughout the investigation with recordings taken before exposure to vibration, every 10 minutes during exposure, and every 20 minutes during recovery.
A control condition involved the same procedure, with the vibration magnitude reduced to zero but the contact force on the wooden surface maintained at 10 N. The exposure (vibration) and control (static load) conditions were presented randomly (according to a latin square) in four separate experimental sessions. Each measurement session lasted about 2.5 hours.
STATISTICAL METHODS
Data analysis was conducted with the software BMDP/Dynamic (release 7.0). Data are given as means (SEM). The difference between two means was tested by paired or unpaired Student t tests when appropriate. The relation between blood flow and pressure in the finger at different hand heights was assessed by the method of least squares. The Pearson product moment correlation coefficient was used to measure the strength of association between two variables. As vascular measurements were made sequentially upon the same subjects in different exposure conditions (treatments), analysis of variance (ANOVA) for repeated measures was applied to these data. To control for the effect of covariates on the response variables, repeated measures analysis of covariance (ANCOVA) was also used. When the assumption of compound symmetry for the orthogonal polynomial components of repeated measures was in doubt, an adjusted F test was obtained according to the method proposed by Greenhouse and Geisser."9 A P value of 0.05 (two sided) was chosen as the limit of significance.
Results
Preliminary data analysis showed that there were no significant differences across the four experimental sessions for room temperature (range 24.2-25.80C) or systolic and diastolic blood pressures measured in the upper arms of the subjects (range 100/60-120/80 mm Hg). Repeated measures ANOVA did not show a significant difference within subjects for FST, FBF, or FSP measured just above heart level before exposures to static load and vibration in either the exposed or the non-exposed finger. Moreover, before exposure, no difference in FST, FBF, and FSP was found between the middle right and the middle left finger. In Table 1 reports the mean (SEM) values of FST before and after exposure to static load and vibration. When controlling for age, finger surface area, and room temperature, no significant treatment by time interaction was found by repeated measures ANCOVA. There were no significant differences between the four exposure conditions. However, the percentage changes in FST after vibration were slightly greater that those after exposure to static load only. In the non-exposed left finger, no significant variations in FST, compared with before exposure, occurred during vibration stimulation of the right hand (results not shown).
FINGER BLOOD FLOW Table 2 shows the effect of the exposure to static load and vibration on FBF. As repeated measures ANCOVA showed a significant treatment by time interaction (P<0.001), the changes of FBF under the different exposure conditions were examined separately. Exposure to static load only did not cause significant changes in FBF. Vibration with a frequency of Percentage of values before exposure are in square brackets. (fig 1) . Resistance of the In this study several conventional measures of circulatory function-such as FST, FBF, and FSP-were used to assess the effect of static load and vibration on the digital vessels of healthy subjects. Also, at each recording time, pressure-flow curves were obtained by lowering the digital perfusion and transmural pressures by raising the height of the hand. The estimated regression coefficients of the pressure-flow lines were used to characterise the haemodynamics of the digital vessels in terms of critical closing pressure (zero flow pressure intercept) and vascular resistance (reciprocal of the regression slope). In this study, the basal critical closing pressure in normal fingers at room temperature before exposure averaged 36 mm Hg and ranged between 18 and 55 mm Hg. These findings are consistent with those reported by other authors who found that in thermoneutral conditions the closing pressure of the finger varies from 10 to 60 mm Hg.22 24 On the basis of the findings of previous investigations, it was assumed that vibration increases the vasomotor tone in the digital vessels.' ' 13 In this study, pressure-flow curves after exposure to vibration showed greater zero flow pressure intercepts and lower slopes than after exposure to static load Li without vibration (fig 1) . This suggests that 120 vibration enhances digital vasomotor tone and that this leads to increases in both the critical 9 closing pressure and the vascular resistance.
The Even though the closing pressure in the finger was found to vary directly with digital vascular resistance, this positive relation was not shown 8 All of the three vibration stimuli used in this study were found to provoke digital vasoconstriction in the contralateral finger. It vasoconstrictor response in the non-vibrated finger after exposure to vibration at 31.5 and 125 Hz are not inconsistent with the hypothesis that these skin organs may represent the afferent receptor system of the sympathetic reflex arch elicited by vibration.
The circulatory response found in the vibrated finger immediately after the end of exposure to vibration with a frequency of 125
Hz and an acceleration of 87 m.s' rms was characterised by local vasodilatation with an increase in FBF and a decrease in both critical closing pressure and vascular resistance. Such a vasodilation was not found in the non-vibrated finger. This pattern of response is consistent with that reported in our previous investigation in which normal fingers were also exposed to vibration of 125 Hz and 87.5 m.s-' rms.1' Vibration induced relaxing effects on smooth muscle have been found in both isolated muscle preparations and whole experimental animals, as well as in human hands. Ljung and Sivertsson reported that vibration of 10-400 Hz depressed the contractile force of smooth muscle in preparations of isolated rat portal veins and rabbit thoracic aortas.'4 They suggested that vibration has a direct mechanical effect on the elements generating force by increasing the rate of detachment of actinmyosin cross links. The hypothesis of a direct inhibition of the contractile process by vibration was also proposed by Lindblad et al who found that the depression of contractions in rings of isolated canine saphenous arteries increased with both the amplitude (0.025-0.10 mm peak) and the frequency (30- experiments, no notable change in arterial pressure was found, indicating that vibration caused a vasodilatation in the resistance vessels. A transitory vasodilatation in the human finger has been documented during and after short exposures (five minutes) to vibration with a frequency of 60, 120, and 480 Hz. '9 40 In the present study the immediate vasodilatory response in the fingers exposed to vibration of 125 Hz and 87 m.s-' rms seems to have been dependent on the frequency and the magnitude of the stimulus. This is because a digital vasoconstriction was found immediately after exposure to vibration with a frequency of 31.5 Hz with the same velocity (0.11 m.s' rms) and also after exposure to vibration with the same frequency but with a lower acceleration (22 m.s 2 rms). In the aforementioned studies an inhibitory effect ofvibration on the contractile activity of vascular smooth muscles was more evident for exposures to vibration with frequencies of 100-150 Hz and accelerations >40-50 m.s-' rms. Hence, it may be speculated that there exists a threshold acceleration magnitude above which acute vibration can depress the contraction of vascular smooth muscle cells either directly, by mechanical injury of the contractile proteins, or through the local release of vasodilating substancesfor example, endothelial derived relaxing factor, prostacyclin-caused by vibration induced enhancement ofarterialwall shear stress. Neurophysiological investigations have shown that the number of impulses evoked from Pacinian corpuscles with a stimulus frequency of 128 Hz was similar in the range of acceleration between 14 and 229 m.s' rms." Suppose that a central sympathetic reflex mediated by the Pacinian corpuscles leads to digital vasoconstriction after exposure to vibration with a frequency of 125 Hz at a low acceleration magnitude, whereas at higher acceleration magnitudes the vasoconstrictor effect induced by the unchanged response of the Pacinian receptors is overcome by the depressant effect of vibration on the vascular smooth muscles and that this results in active local vasodilation. The opposite and competitive effects of a central vasoconstrictor and a local vasodilatory mechanism, both elicited by acute vibration, could provide an explanation for the unchanged digital vascular response found in some studies in which either the duration of exposure or the magnitude ofthe vibratory stimulus were lower than those used in the present investigation.5 41 In an experimental study of vibration and arterial circulation in the hindlegs of anaesthetised dogs Azuma et 
